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Structure(TM2) domain of GABAA receptor forms the inner-lining surface of chloride ion-
channel and plays important roles in the function of the receptor protein. In this study, we report the ﬁrst
structure of TM2 in lipid bilayers determined using solid-state NMR and MD simulations. The interatomic
13C–15N distances measured from REDOR magic angle spinning experiments on multilamellar vesicles,
containing a TM2 peptide site speciﬁcally labeled with 13C′ and 15N isotopes, were used to determine the
secondary structure of the peptide. The 15N chemical shift and 1H–15N dipolar coupling parameters measured
from PISEMA experiments on mechanically aligned phospholipid bilayers, containing a TM2 peptide site
speciﬁcally labeledwith 15N isotopes, under static conditionswere used to determine themembrane orientation
of the peptide. Our results reveal that the TM2 peptide forms an alpha helical conformation with a tilted
transmembrane orientation,which is unstable as amonomer but stable as pentameric oligomers as indicated by
MD simulations. Even though the peptide consists of a number of hydrophilic residues, the transmembrane
folding of the peptide is stabilized by intermolecular hydrogen bondings between the side chains of Ser and Thr
residues as revealed by MD simulations. The results also suggest that peptide–peptide interactions in the tilted
transmembrane orientation overcome the hydrophobic mismatch between the peptide and bilayer thickness.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionCommunication through chemical synapses depends mainly on
the release of a high-concentration pulse of a neurotransmitter, its
diffusion through the synaptic cleft and the activation of neurotrans-
mitter-gated ion-channels [1–4]. The predominant inhibitory neuro-
transmitter of the adult central nervous system, γ-aminobutyric acid
(GABA), acts by binding to GABAA receptors. GABA binds to the GABAA
receptor allowing the passive ﬂow of negatively charged chloride ionsization; DMPC,1,2-dimyristoyl-
tyric acid; MAS, magic angle
ellar vesicles; NMR, nuclear
ISEMA, polarization inversion
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hnology, Department of Fine
ll rights reserved.down their electrochemical gradient into neurons, thus hyperpolariz-
ing the membrane and shutting the inﬂuence of excitatory neuro-
transmitter. The ligand-gated GABAA receptors play a pivotal role in
the mechanism of regulation of memory consolidation, substance
abuse, anesthesia, and epilepsy [1,2].
To the best of our knowledge, no high-resolution structure of GABAA
has so far been reported in the literature,mainly due to the limitations of
existing biophysical techniques. A model depicting the topology of the
GABAA receptor protein is given in Fig. 1. It consists of four
transmembrane segments and a large extracellular domain that has
binding sites for various drugs and ligands. Based on the mutation and
functional studies, electron microscopy images, and in analogy with the
well-studied N-acetyl-choline receptor, the second transmembrane
(TM2) domain of the GABAA receptor is thought to form the inner-
lining surface of the ion-channel. Interestingly, theaminoacid sequences
of theTM2segmentof various subunits of theGABAA receptor (see Fig. 2)
are highlyconserved [5,6]. It has also beendemonstrated that a synthetic
peptide corresponding to theTM2ofGABAA forms ion channels inplanar
lipid bilayers, suggesting that understanding the structure of this
peptide channel is likely to provide insights into the function of the
receptor [7]. However, unlike other channel-forming peptide fragments
of ligand-gated ion-channel receptor proteins [8,9], the amino acid
sequence of the TM2 peptides of GABAA receptors consists of a large
Fig. 1. A model depicting the topology of the GABAA receptor. M1, M2, M3 and M4 are
the transmembrane (TM) domains of the protein.
Fig. 2. Amino acid sequences of the second transmembrane (TM2) segment of different
subunits of the GABAA receptor.
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amphipathic structure in a helical geometry (Fig. 3). Thus, it is surprising
that the peptide prefers to be inserted in a lipid bilayer to form ion
channels even though it is neither entirely hydrophobic nor is it
amphipathic. Therefore, we thought solving the high-resolution
structure of the peptide in phospholipid bilayers would provide insights
into the folding and ion-channel activity of the peptide in membranes.
In this study, we investigated the backbone conformation of a TM2
peptide using CD (circular dichroism) experiments on detergent
micelles and small unilamellar vesicles (SUVs) at a low concentration
of the peptide. REDOR (rotational echo double resonance) [10] magic
angle spinning (MAS) solid-state NMR experiments were performed to
measure several 13C–15Ndistances from 13C and 15N-double labeled TM2
peptides embedded in MLVs. The orientation of the helical structure of
the peptide was measured using PISEMA (polarization inversion spin
exchange at the magic angle) [11,12] solid-state NMR experiments on
mechanically aligned bilayers under static experimental conditions.
PISEMAexperimental results suggested that the helical TM2peptide has
a transmembrane orientation irrespective of the thickness of the lipid
bilayer used in our study. This observation suggests that peptide–
peptide interactions dominate the hydrophobic mismatch between the
hydrophobic length of TM2 and the hydrophobic thickness of the lipid
bilayer. Molecular dynamics (MD) simulations of lipid bilayers contain-
ing the TM2 (α1 sequence same as α2, α3, or α5) peptide provided
additional insights into the favorable peptide–peptide interactions that
drive oligomerization of the peptide.
2. Materials and methods
2.1. Materials
All phospholipids (POPG (1-palmitoyl-2-oleoyl-phosphatidylgly-
cerol), POPC (1-palmitoyl-2-oleoyl-phosphatidylcholine), and DMPC
(1,2-dimyristoyl-phosphatidylcholine)) were purchased from Avanti
Polar Lipids (Alabaster, AL). Chloroform and methanol were purchased
from Aldrich Chemical Inc. (Milwaukee, WI). Naphthalene was pur-
chased from Fisher Scientiﬁc (Pittsburgh, PA). All protected (unlabeled)
amino acids were purchased from Bachem, Synthetech, and Protein
Technologies. All amino acids with isotope labels were purchased from
Cambridge isotope Laboratories (Andover, MA). Coupling agents and
resin were purchased from Bachem. Solvents and deprotecting agents
were obtained from Fisher Scientiﬁc and Aldrich Chemical Co. All the
chemicals were used without further puriﬁcation.
2.2. Synthesis
TM2 (α1 sequence same as α2, α3, or α5) peptides with and
without isotopic (15N or 15N and 13C) labels were synthesized byautomated solid phase methods using standard Fmoc (9-Fluorenyl-
methoxycarbonyl) chemistry [7]. The crude peptides were puriﬁed by
reverse-phase HPLC. The peptides were shown to be N97% pure by
HPLC and MALDI.
2.3. Circular dichroism spectroscopy
Small unilamellar vesicles (SUVs) were prepared by sonication.
10 mM HEPES buffer (150 mM NaCl, 0.1 mM EDTA, pH 7.4) was added
to dry lipid ﬁlm and subjected to vortex and sonication to obtain a
clear dispersion of SUVs. CD spectra were recorded (AVIV CD
spectropolarimeter, Lakewood, NJ) at 37 °C using samples with
peptide/lipid ratios 1:100 and 1:200 over the range from 200 to
250 nm. A 1.0 mm quartz cuvette was used for measurements.
Contributions from the buffer and SUVs were removed by subtracting
the spectra of corresponding control samples without peptide. The
resultant spectra were normalized for path length and concentration.
2.4. Preparation of multilamellar vesicles for solid-state
NMR experiments
Multilamellar vesicles (or unaligned bilayers) samples for MAS
experiments were prepared by codissolving the required amount of
peptide and typically 50 mg of lipids in 2:1 chloroform:methanol,
drying under a steady stream of N2 gas for ∼30min, and lyophilizing it
overnight to remove any residual solvents. The dry lipid/peptide
mixture was resuspended in 50 wt.% HEPES buffer (5 mM EDTA,
30mMHEPES, 20mMNaCl, pH 7.0) by heating in awater bath at 45 °C.
The sample was gently vortexed for 3 to 5 min and freeze-thawed
using liquid nitrogen several times to obtain a uniformmixture of lipid
and peptide. All MLVs were stored at −20 °C prior to use. Before and
after performing REDOR [10] experiments on MLVs (multilamellar
vesicles) containing 3 mol% peptide, 31P chemical shifts were
measured to conﬁrm the lamellar phase liquid crystalline nature of
the sample. 31P experiments were also carried out onMLVs containing
an unlabeled peptide concentration up to 7 mol% to conﬁrm the
absence of any peptide-induced changes in lamellar phase lipid
structures.
While the solubility of the peptide and lipids was much better
when a small amount of TFE (triﬂuoroethanol) was used, it was very
difﬁcult to completely remove TFE from the sample and therefore we
avoided TFE in the sample preparation. In fact, 31P CSA (chemical shift
anisotropy) span of MLVs (with no peptide) prepared using TFE was
different from the values obtained from samples that were prepared
without using TFE. This could presumably because the presence of a
trace amount of TFE solvent in the sample (even after 12 h of
lyophilization) could alter the electronic environment around 31P
nuclei of lipids and possibly the lipid bilayer properties. Therefore, one
must be cautious about the use of ﬂuorinated solvents like TFE or TFA
in the preparation of model membranes.
2.5. Preparation of mechanically aligned bilayers for solid-state
NMR experiments
Stock solutions were prepared by mixing the desired molar
amounts of lipids (typically 80 mg) and peptide in 2:1 chloroform:
methanol solution and naphthalene (lipid:naphthalene 4:1 molar
ratio) [13]. Small volumes (∼100 μL) of each mixture were pipetted
Fig. 3. Helical wheel diagram (left) and a helical structure (right) of the GABAA-TM2. While CD and NMR experimental results indicate that the peptide forms a helix in membranes,
the helical representation of the peptide indicates that the peptide is not amphipathic. The arginine residues are shown in blue, the serine residues in green and the threonine
residues in red.
Fig. 4. A plot of ΔS/S0 against the dephasing time for POPC multilamellar vesicles
containing a 3mol% GABAA-TM2 peptide labeled with 13C isotope at the carbonyl carbon
of Gly9 residue and 15N isotope at the amide site of the Val13 residue. Experimental data
points were obtained from REDOR experiments as explained in the text and the best-ﬁt
curve indicating the C′–N interatomic distance to be 4.1 Å.
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GmbH and Co., Bad Mergentheim, Germany), allowed to dry, and then
placed under vacuum overnight at 35 °C to completely remove any
residual solvents and naphthalene. Small amount of water was added
on the dried samples and then they were placed for approximately
seventy hours in a hydration chamber at 95% relative humidity, which
is maintained above a saturated ammonium phosphate solution. The
glass plates were stacked, wrapped with paraﬁlm, and sealed in
polyethylene bags to avoid dehydration during for NMR experiments.
2.6. NMR experiments
All solid-state NMR experiments were performed using a Varian/
Chemagnetics 400 MHz spectrometer with 1H, 31P, 13C and 15N
resonance frequencies of 400.138, 161.979, 100.8, and 40.55 MHz,
respectively. A home-built, double-resonance, ﬂat-coil probewas used
for mechanically aligned samples, while a 5 mm triple-resonanceMAS
probe was used for MAS experiments on MLVs. In the case of aligned
samples, the lipid bilayers were positioned with the bilayer normal
parallel to the external magnetic ﬁeld of the NMR spectrometer. 15N
chemical shift spectra of labeled peptides from mechanically aligned
samples were recorded using a ramped cross-polarization (ramp-CP)
[14] sequence with a 1H π/2 pulse length of 3 μs, 62.5 kHz CP RF (radio
frequency) power, and a 80 kHz two-phase pulse-modulation (TPPM)
[15] decoupling of protons during acquisition at 37 °C. Typically N4000
scans were acquired to obtain a reasonable signal-to-noise 1D 15N
chemical shift spectrum using a 1 ms contact time for the ramp-CP
with a 10 kHz ramp on the 1H channel and a recycle delay of 3 s.
31P chemical shift spectra of aligned samples were obtained using a
chemical shift echo sequence, 90°–τ–180°–τ–acq, with τ=100 μs and
35 kHz 1H decoupling. The spectra of oriented samples were
referenced with respect to 85% H3PO4 between glass plates (0 ppm)
[13]. These spectra conﬁrmed that the samples were well aligned and
the peptides do not induce any non-lamellar phase structures of lipids
due to the peptide–lipid interaction. A representative 31P chemical
shift spectrum is given in Fig. 4. Typical 31P π/2 pulse lengths were
3.0–3.5 μs and the spectral width was 50 kHz. About 512 transients
were averaged with a recycle delay of 3 s. The FID was processed
beginning at the top of the echo with a 100 Hz exponential
broadening, zero ﬁlled to 4096 points, and Fourier transformed. All
NMR spectra were collected at 37 °C.
2D PISEMA experiments were performed on mechanically aligned
samples containing ∼5 mg of a 15N labeled peptide as explained in theliterature [12]. A 50 kHz RF ﬁeld was used in the 1H channel at on-
resonance during the preparation 90° pulse and rampCP, and a
35.355 kHz offset during the Lee–Goldburg [16] sequence in the t1
period (or during the SEMA (spin exchange at the magic angle)
sequence) of PISEMA [17,18]. 50 and 61.2 kHz RF ﬁeld strengths were
used to spin-lock the 15N magnetization during ramp-CP and SEMA
respectively. Protons were decoupled using the TPPM sequence with
an 80 kHz RF ﬁeld during the 15N signal acquisition. Typically 2000
scans and 48 t1 experiments with a recycle delay of 3 s were used to
obtain a 2D spectrum of the sample. Because of the low signal-to-
noise ratio from bilayer samples, the experimental conditions were
ﬁrst optimized on a single crystal of n-acetyl-L-15N-valyl-L-15N-
leucine. The optimized experimental conditions were further opti-
mized on a mechanically aligned POPC bilayers containing the TM2
peptide by carrying out several one-dimensional experiments using
the regular PISEMA sequence but for different t1 time intervals. Since
the use of a high RF power in the PISEMA experiment could dehydrate
the bilayer sample, air was circulated in the probe to maintain the
temperature of the sample at 37 °C. In addition, the quality of aligned
samples was examined using 1D 31P experiments before and after
PISEMA experiments. Data processing was accomplished using the
Spinsight software (Varian) on a Sun Sparc workstation.
Table 1
Details of the molecular dynamics simulations on lipid bilayers containing TM2
peptides of GABAA receptor
Simulations Lipid Number of TM2 peptides Time (ns)
Simulation-1 DMPC 1 100
Simulation-2 POPC/POPG 1 50
Simulation-3 DMPC 2 100
Simulation-4 POPC/POPG 2 50
Simulation-5 DMPC 5 50
Simulation-6 POPC/POPG 5 50
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13C chemical shift values were referred to 176.03 ppm for the
isotropic chemical shift of the carboxyl carbon of glycine powder
sample under MAS from that for tetramethylsilane. The 15N
rotational-echo double-resonance (REDOR) spectra were measured
using a XY-8 pulse phase cycling scheme to suppress the experimental
imperfections such as RF ﬁeld inhomogeneity for 13C nuclei, offset
effects, and ﬂip angle errors of pulses. The lengths of 180° pulses in
the REDOR sequence 10 were 12.3 and 13.5 μs for 13C and 15N nuclei,
respectively, whereas a 65 kHz RF ﬁeld strength was used to decouple
protons under a 4 kHz MAS. Spectra were recorded with rotor-
synchronized dephasing pulses (S) and without (S0) at various nτR
values from 6 to 24 ms; where n and τR are the number of rotor cycles
and rotor period, respectively. To determine the 13C–15N interatomic
distance, the experimentally measured normalized REDOR differ-
ences, (that is (S0−S) /S0) were plotted against the nτR values, and the
data were ﬁt to the theoretically obtained curves.
2.8. Structure calculations
The peptide structural ensemble was calculated starting from an
extended structure using the simulated annealing protocol available
in NIH-XPLOR software package to generate 100 conformers (initial
temperature of 3000 K with 18,000 high temperature steps, 9000
cooling steps and a step size of 2 fs) [19,20]. Final reﬁnement of the
structure ensemble was calculated at an initial temperature of 500 K
with 20,000 cooling steps at a step size of 3 fs. The analysis was carried
out using the “accept.inp” routine included in the NIH-XPLOR
software package for no NOE violations of N0.5 Å, no dihedral angle
restraint violations of N5°, no rms difference for bond deviations from
ideality N0.01 and no rms difference for angle deviations from ideality
N2°. The ensemble of peptide structures thus obtained was further
analyzed using MOLMOL [21].
2.9. Molecular dynamics simulations
We studied three different peptide conﬁgurations, monomeric,
dimeric and pentameric, inserted into two different bilayers for a total
of six simulations. We used the GROMACS simulation tool [22,23] for
all our simulations performed on an in-house Linux cluster ‘United’.
Atom lipid parameters were adapted from the work of Berger and
coworkers [24]. We used the GROMOS-43a2 force ﬁeld for the
peptides. The starting structures for the lipid bilayers were chosen
fromwell-equilibrated DMPC (1,2-dimyristoyl-sn-glycero-3-phospha-
tidylcholine) and POPC bilayer simulations. Both the POPC and DMPC
bilayers had 128 lipids each, 64 per leaﬂet and∼4000watermolecules
each. To create the 3:1 POPC/POPG bilayer, 16 randomly picked lipids
from each leaﬂet of the POPC bilayer were mutated to yield POPG
lipids. After the mutation, a 50 ns equilibration run was performed to
equilibrate the bilayer.
Since the putative structure of the GABAA peptide is helical, an
ideal helix of the peptide was created using the software Swiss PDB
viewer (http://ca.expasy.org/spdbv/). This helix was solvated in a bath
of water and a 5 ns-simulation was performed, with restraints on the
backbone atoms. This ensured that the side chains were properly
relaxed and did not retain a biased, ideal conﬁguration. This peptide
was then inserted into the equilibrated DMPC and POPC/POPG bilayers
using the hole protocol developed by Faraldo-Gomez et al. [25]. Before
insertion, the peptide was oriented so that the helical axis of the
peptide was parallel to the bilayer normal and the center of mass of
the peptide was aligned with the center of mass of the lipid bilayer.
To create the dimer, a second copy of the peptide was inserted in a
parallel orientation next to the existing monomer, which was
restrained. The amino acid sequence of the GABAA-TM2 peptide (see
Fig. 2) consists of two charged Arg residues and several polar Ser andThr residues. In its helical conformation, the peptide is not amphi-
pathic, with the polar and hydrophobic residues distributed fairly
uniformly around the helical projection of the peptide (Fig. 3). Thus it
is not easy to predict preferred peptide–peptide contacts in oligomers.
The second peptide was rotated by a random degree about its own
helical axis before insertion, so that the surface contact between the
two peptides is random. Ideally, for unbiased predictions from these
dimer simulations, several such dimers should be constructed, to fully
sample all possible peptide–peptide contacts. However, due to
computational limitations, only one dimer was constructed per lipid
bilayer. To create the initial structure of the pentamer, a different
strategy was employed. Instead of randomly placing the peptides in a
pentameric bundle, a template from a homology modeled structure of
the GABAA receptor was used [26]. The coordinates of the putative
transmembrane domainwas extracted from the coordinates of the full
protein and was inserted in to both the DMPC and POPC/POPG
bilayers, using the same protocol as used for the monomer and dimer.
The three peptide conﬁgurations (monomer, dimer and pentamer),
inserted in two different lipid bilayers (DMPC and POPC/POPG)
yielded a total of 6 simulations, details of which are listed in Table 1.
After insertion, a 5 ns restrainedMD simulationwas performed during
which the peptide backbone atoms were harmonically constrained, to
allow the lipids to relax around the peptides. After 5 ns, the
constraints were released and production runs of 50 ns were
performed for each of the simulations. Two of the simulations (see
Table 1) were extended to 100 ns, for improved sampling. The
simulations were performed in an NPT ensemble, with the tempera-
ture coupled to a Berendsen thermostat at 310 K with a coupling
constant of 0.1 ps. The pressure was coupled semi-isotropically to a
Berendsen barostat at 1 atm, with a coupling constant of 1 ps. Both the
short-range electrostatic and van der Waals interactions used a short-
range cutoff of 1.2 nm and the long-range electrostatics were
calculated using the PME algorithm. The trajectories were saved
every picosecond and subsequently used in analysis. Data visualiza-
tion was done using pymol (www.pymol.org).
3. Results
3.1. Secondary structure of GABA-TM2
3.1.1. Circular dichroism experiments
CD experiments were performed on SUVs of DMPC or POPC and
SDS micelles containing a 1 mol% TM2 peptide at 37 °C. CD spectra of
all of these model membrane samples were similar and characterized
by the double minima at 208 and 222 nm, attributable to a helical
conformation (data not shown). All peptides were assumed to be
completely bound to lipid vesicles at the concentration used in the
present study, as the spectra do not change upon increasing the lipid–
peptide ratio.
3.1.2. REDOR NMR experiments
MLVs containing a TM2 peptide double labeled with 13C at the
carbonyl carbon and 15N labeled at the amide-nitrogen was used at
−20 °C under a 4 kHz MAS. Carbon–13C chemical shifts are sensitive to
secondary structure of the peptide. Measured isotropic 13C chemical
Table 2
Interatomic distances measured from 13C and 15N labeled TM2 peptides of GABAA
receptor embedded in POPC multilamellar vesicles using REDOR experiments under
MAS
Labeled peptides rC′N α-helix β-sheet
Ala4(13C′)-Phe8(15N) 4.1±0.1 Å 4.01 10.98
Val7(13C′)-Val10(15N) 3.8±0.1 Å 3.76 7.66
Gly9(13C′)-Val13(15N) 4.1±0.1 Å 4.01 10.98
Leu19(13C′)-Ala23(15N) 4.3±0.2 Å 4.01 10.98
Distances for an alpha-helix and beta-sheet structures are also given in the table for
comparison.
Fig. 6. 2D PISEMA spectrum (top) of aligned POPC sample containing 3 mol% of GABAA-
TM2 at 37 °Cwith the bilayer normal oriented parallel to the external magnetic ﬁeld. 15N
chemical shift (middle) and 1H–15N dipolar coupling (bottom) spectral slices are given.
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Val7, Gly9 and Leu19 suggest a helical conformation for the peptide
[27,28]. To obtain a high-resolution structure of the TM2 peptide,
interatomic distance between the carbonyl carbon of a residue and
amide-nitrogen of another residue in the TM2 peptide was measured
by using the REDOR experiment as explained in the experimental
section. 15N-REDOR (that is with the dephasing pulses) and full echo
(that is without the dephasing pulses) spectra were obtained. The
(S0−S) /S0 values were determined from the experimental spectra and
plotted as shown in Fig. 4. By comparing the experimental data with
the best-ﬁtting REDOR curves [10,29], the interatomic distances were
determined for each double-labeled GABA-TM2 peptide (Table 2).
A high-resolution three-dimensional structure of the TM2 peptide
was obtained using the experimentally measured C–N distances as
mentioned in the structure calculations in the previous section.
Residues in the region between 13 and 19, for which no experimental
data are available, were constrained in a helical conformation. During
the ﬁrst stage of simulated annealing, the backbone conformation of
the peptide was constrained using the hydrogen bonding restraints
(i to i+4). During the second stage of reﬁnement, additional distance
restraints obtained from solid-state NMR experiments were included.
Sixteen out of the hundred reﬁned structures passed the accept.inp
routine included in the NIH-XPLOR software package. Eight lowest
energy structures were further analyzed and the global backbone and
heavy atom RMSD of the peptide were 0.55±0.11 and 1.36±0.25 Å,
respectively, as shown in Fig. 5. It is evident that the alpha helical
structure of the peptide is neither perfectly amphipathic nor
completely hydrophobic (Fig. 5). Therefore, it would be interestingFig. 5. Overlay of structures of GABAA-TM2 calculated using solid-state NMR distance constraints as outlined in the text: backbone (left), heavy representation (middle), and the
secondary structure representation (right; hydrophobic residues are shown in green while hydrophillic residues are shown in yellow (S, T and P) and blue (R) colors).
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solid-state NMR experiments as explained below.
3.2. Orientation of TM2 in lipid bilayers
3.2.1. Solid-state NMR experiments on mechanically aligned lipid bilayers
Several GABAA-TM2 peptides labeled with 15N isotope at a single
amide site were synthesized. After conﬁrming the alignment of each
mechanically aligned lipid bilayer sample using the 31P NMR
experiment (data not shown), 15N chemical shift spectra were
recorded. Once the experimental conditions were optimized using
1D 15N rampCP experiments, 2D PISEMA solid-state NMR experi-
ments were performed to measure the 15N chemical shift and 1H–15N
dipolar coupling values for several different GABAA-TM2 peptides
each labeled with a single 15N isotope at an amide site. Observation
of a single resonance in the PISEMA spectrum corresponding to a 15N
chemical shift value in the region 180–215 ppm and a 1H–15N dipolar
coupling of 6–10 kHz suggests that the TM2 helical peptide has a
transmembrane orientation (a representative spectrum is given in
Fig. 6). The high-resolution spectral slices shown in Fig. 6 suggest
that the peptides were well-aligned and immobilized in lipid bilayers
and 2D PISEMA spectra are of high quality. For clarity, these
experimental parameters measured from GABAA-TM2 peptides are
plotted in Fig. 7 along with simulated PISA (polarity index slant
angle) [12,30,31] wheel PISEMA spectra. Experimental error bars
estimated from the line widths in chemical shift and dipolar coupling
dimensions of 2D PISEMA spectra are given in Fig. 7. As seen from
simulations, the shape of PISA wheels is quite sensitive to the order
parameter of the peptide. The comparison of the simulated and
experimental results suggests that the GABA-TM2 peptide is tilted
∼13° away from the bilayer normal and the order parameter is ∼0.88
(Fig. 7). However, the shape of the PISA wheel and the measured tiltFig. 7. The dependence of the PISAwheel 2D PISEMA spectrum on (A and B) the tilt angle, (C
CSA tensor of the TM2 peptide. Experimental data points for each residue were obtained from
labeled TM2 peptide at 37 °C.angle for the peptide could depend on other parameters like the
values of the principal components of CSA tensor and molecular
motions. In the simulations (Figs. 7A–C), we have used experimen-
tally measured 15N CSA tensor values from a N-acetyl-L-valyl-L-
leucine dipeptide: δ11=58 ppm, δ22=70 ppm, and δ33=230 ppm
relative to liquid ammonia (0 ppm) at 25 °C [32,33]. The dependence
of the shape of PISA wheels on these CSA tensor values was also
simulated (Figs. 7D–F). The simulations suggest that the PISA wheel
does not depend on the values of δ11 and δ22, while it depends on
the value of the least shielded CSA principal component, δ33.
However, the close orientation of the axis to the backbone amide-
N–H bond, which is well hydrogen bonded with the carbonyl axis in
the backbone of the peptide, like in the NAVL dipeptide, it is unlikely
that the value of δ33 for the TM2 peptide would be very different
from that measured from NAVL. On the other hand, though the
peptide is highly immobile as suggested by the order parameter 0.88,
the rotational motion of the helix could reduce the CSA values for the
peptide. But the near collinearity of the rotational motion of the helix
and the δ33 axis suggest that this is unlikely. Even if some inﬂuence
of the motion and a reduced δ33 value for the peptide were taken
into account, as suggested by simulations in Fig. 7, the value for the
tilt angle could increase by a couple of degrees from the best-ﬁt
value (that is 13°). Therefore, it is reasonable to expect that the
measured tilt angle of the peptide could be within 13 to 17° range.
So, the tilt angle from experiments is estimated to be 15±2°.
These solid-state NMR experiments were also performed on
samples with a different lipid composition to understand if the
orientation of the helix changes with the thickness of the lipid
bilayer. Interestingly, the tilt angle of the GABA-TM2 peptide
measured from POPC, DMPC or POPC:POPG bilayers were the same
within experimental errors. These results suggest that the mem-
brane orientation of the peptide neither depends on the lipid bilayer) order parameter, and (D–F) magnitudes of the principal components of the amide-15N
2D PISEMA spectra of mechanically aligned POPC bilayers containing the 3 mol% 15N-
Fig. 8. Snapshots of the monomer (A), dimer (B), side-view of the pentamer (C) and top-view of the pentamer (D) at the end of the simulations, in a DMPC bilayer. The monomer and
dimer are destabilized while the pentamer is mostly stable.
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GABAA-TM2 oligomerizes, with strong peptide–peptide interactions,
to form ion-channels in lipid bilayers. This oligomeric form of the
peptide most likely overcomes the hydrophobic mismatch between
the length of the peptide and the bilayer thickness. To understand
the peptide–peptide interactions that stabilize the oligomeric
structure of GABAA-TM2, MD simulations were carried and the results
are explained below.
3.2.2. Molecular dynamics simulations
MD simulations show that the GABA-TM2 peptide is unstructured
in water as predicted by the CD experiments (data not shown). In
bilayers, the transmembrane peptide is unstable as a monomer,
relatively unstable as a dimer, and mostly stable as a pentamer. The
snapshots of the monomer, dimer and pentamer, at the end of the
simulations (50 ns), in DMPC bilayers are shown in Fig. 8. The
monomer is destabilized, leading to a kink in themiddle of the peptide
(Fig. 8, top left). The two GABAA-TM2 peptides of the dimeric
conﬁguration were placed close to each other (∼10 Å apart), but
drifted away from each other at the end of the MD simulation (Fig. 8,
top right). The pentamer is mostly stable (Fig. 8, bottom). The role of
peptide–peptide interactions in the stability of the oligomeric
structure is discussed below.
The stability of the peptides is directly related to the nature of the
preferred interactions of the hydrophilic residues (Ser, Thr and Arg),
which are distributed all along the length of the helix. Thus, in a
transmembrane state, these residues are in contact with the interface,
lipid head groups or the hydrophobic lipid tails, depending on the
position of the speciﬁc residue along the sequence. Irrespective of the
oligomerization state and lipid bilayer width, Ser-1, Arg-5 and Arg-24
are able to interact with the interfacial region and form stabilizingFig. 9. Representative intra-peptide (left) and inter-peptide (middle and right) H bonds. The
the stability of the pentamer.hydrogen bonds with the lipid head group atoms or interfacial water
molecules. The other polar residues are incapable of interacting with
the lipid bilayer without signiﬁcantly disrupting it; but 31P NMR
experiments suggest that the TM2 peptide does not alter the lamellar
phase bilayer structure. However, these residues are able to form
hydrogen bonds with the backbone atoms of the peptide. In a
monomer, the Ser and Thr side chains form hydrogen bonds with the
carbonyl oxygens in the peptide backbone. This weakens the i–i+4
backbone hydrogen bonds of the helix, leading to a destabilization of
the helical structure of the peptide. In an oligomer, while most of the
Ser and Thr side chains still form hydrogen bonds with the backbone
atoms of the same peptide, some of them form hydrogen bonds with
the polar side chains of the neighboring peptide. This intermolecular
hydrogen bonding liberates some of the intramolecular hydrogen
bonds between the side chains and the backbone, thus strengthening
the backbone–backbone hydrogen bonds and stabilizing the peptides
(Fig. 9). An example of an intramolecular hydrogen bond is shown in
Fig. 9 (left). The backbone carbonyl oxygen of Phe-8 shares a hydrogen
bondwith the backbone amine (2.86 Å) and side chain –OH (1.63 Å) of
Thr-12. In the middle and right frames of Fig. 9, two representative
inter-molecular H bonds from a stable pentamer are shown. In the
middle frame, a Thr-Ser side chain H-bond (1.9 Å) is shown and in the
right frame two Thr residues from two adjacent peptides share a
hydrogen bond (1.88 Å). Due to this stabilizing inter-molecular H
bonding, the helical structure is not distorted as in the case of a
monomer. We ﬁnd that on an average, each peptide forms ∼1.5
intermolecular hydrogen bonds (Fig. 10 and Table 3), and this seems to
be sufﬁcient to stabilize both the secondary structure of the individual
peptides and the oligomer. The intramolecular hydrogen bonds
mentioned in Table 3 and Fig. 10 are between the sidechain residues
and the back bone atoms of the peptide. Peptide4 had less numberinter-peptide H bonds, between the abundant serine and threonine side chains increase
Fig.10. The number of intramolecular hydrogen bonds (thin lines) of the ﬁve peptides in
simulation-5 (pentameric GABAA in DMPC bilayers). The thick black line shows the
number of hydrogen bonds in the simulation of the monomer (simulation-1). The inset
shows the average number of intermolecular hydrogen bonds per peptide in
simulation-5. Also see the details given in Table 3.
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peptide) intramolecular backbone–backbone hydrogen bonds (not
included in Table 3 and Fig. 10) are mostly invariant through the
course of the simulations.
The average tilt angle of the peptides in the pentamer is ∼14.5° in
DMPC bilayers and ∼17° in POPC:POPG bilayers (Fig. 11), which is
consistent with experimental measurements. While MD simulations
reveals that the peptide tilts 2.5° more in thicker POPC:POPG bilayers
as compared to the thinner DMPC bilayers to minimize the hydro-
phobic mismatch effects, such a small difference in the tilt angle lies
within NMR experimental errors. Previous studies have shown a large
tilt angle difference for other peptides [34–36], which suggests that
the peptide–peptide interactions dominate the GABAA-TM2 assembly
in an oligomer.
Studies on designed peptides have shown that an introduction of
polar interactions in hydrophobic peptides could provide a strong
driving force that leads to the assembly of peptides to oligomeric
structures inmembranes [37]. A recentMD simulation study about the
solvation structure of amino acids also suggested that “Ser and Thr are
transiently quite stable due to the backbone interaction, yet polar
enough to prefer separate hydrogen bonds between residues on
aggregated helices when given the opportunity instead of interacting
with the backbone” [38]. Our simulations conﬁrm this result, showing
that the excessive polar residues, which slightly destabilize the
peptide as a monomer, readily form intermolecular hydrogen bonds
as oligomers. In the pentamer, whose initial structure was based on a
homology model, the putative ion channel is large enough to allow
water molecules inside of it, forming a continuous pore. However,
during the coarse of the simulation (50 ns long), the pore structure
ﬂuctuates, expelling some of the water molecules out of the pore.
Nevertheless, some water molecules are always present inside the
presumed ion channel. Future simulations with different peptide
orientations and channel geometries should yield a clearer picture of
water and ion transport through the pore.Table 3
Number of hydrogen bonds between peptides in the molecular dynamics simulation-5
in DMPC lipid bilayers containing pentameric TM2 helical peptides
Peptide-1 Peptide-2 Peptide-3 Peptide-4 Peptide-5
Peptide-1 4.1 1.4 0 0 1.4
Peptide-2 1.4 3.9 0.9 0.7 0
Peptide-3 0 0.9 4.0 0.6 0
Peptide-4 0 0.7 0.6 2.0 1.5
Peptide-5 1.4 0 0 1.5 4.64. Discussion
The ion-channel activities of GABAA receptors play important roles
in the function of brain and in neurodegenerative diseases [1–4]. It has
been shown that the second transmembrane peptide fragment of the
GABAA receptor forms ion channels in planar lipid bilayers [7]. The
amino acid sequence of the TM2 segment is nearly identical for
various GABAA subunits (Fig. 2). Studies have shown the importance of
the TM2 segment for the function of GABAA receptor [5,39].
Particularly, point mutation studies have suggested that the Thr and
other hydrophilic residues in the TM2 segment play important roles in
the selectivity of ions by the GABAA channel [40,41]. The ﬁrst
structural results presented in this study demonstrate the role of
these hydrophilic residues in the structural stability of TM2, which
explains why these residues are important in the channel activity. We
believe that the reported results would also be valuable in the design
of channel-forming peptides. This study also demonstrates the unique
advantages of combining solid-state NMR and MD simulation
approaches to provide high-resolution insights to understand the
functional aspects of challenging transmembrane peptides and
proteins. In this study, to better understand the properties of this
peptide, we investigated the secondary structure and membrane
orientation of the peptide using CD, solid-state NMR spectroscopy and
MD simulations. High-resolution solid-state NMR experiments on
mechanically aligned lipid bilayers have been successfully used in
previous studies to determine the structure and topology of
membrane-associated peptides and proteins [12,30,31,42–52].
4.1. Secondary structure
CD experimental results from SUVs and detergent micelles suggest
that the TM2 peptide is unstructured in water and forms a helical
structure in membrane environments. Further, interatomic distances
measured using the REDOR solid-state NMR experiments on MLVs
(Fig. 4 and Table 2) suggest that the peptide forms a helical structure
in lipid bilayers (Fig. 5). These experimental results are in excellent
agreement with MD simulations results.
4.2. Topology, tilt, and oligomeric structure of GABA-TM2 in
membrane bilayers
Since the GABAA-TM2 peptide forms ion-channels in planar lipid
bilayers, it is important to determine the topology of the peptide at a
high-resolution in order to understand the function of the peptide.
While previous studies have shown that Ser and Thr can be stable in a
hydrophobic environment [53,54], the large number of polar residues
in the GABAA-TM2 may force the peptide to prefer a non-Fig. 11. Tilt angles of individual peptides measured from MD simulations on a
pentameric assembly in DMPC bilayers. The tilt angles range from 10° to 19°. But the
average value of ∼14.5° compares well with the experiments.
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carried out solid-state NMR experiments and MD simulations to
measure the orientation of the TM2 peptide in different types of lipid
bilayers. The PISA wheel (Fig. 7) generated using the experimentally
measured chemical shift and dipolar coupling values (Fig. 6) measured
from mechanically aligned bilayers containing TM2 peptides suggest
that the peptide has a transmembrane orientation in DMPC, POPC or
POPC:POPG lipid bilayers. However, the helical axis of the peptide is
tilted away by ∼15±2° from the direction of the bilayer normal in all
three types of bilayers. These results are in very good agreement with
molecular dynamics simulations. Our results suggest that the
presence of an anionic lipid, POPG, has no role on the structure and
the orientation of the TM2 peptide that has two positively charged Arg
residues. This further conﬁrms that the peptide is inserted into the
hydrophobic part of the bilayer as it has little afﬁnity for the negative
charge on the headgroup of the POPG lipid, which is consistent with
the ion-channel activity of the peptide. The measured tilt angle is very
similar to that reported from solid-state NMR experiments on melittin
in aligned lipid bilayers [55].
Recent studies have shown that hydrophobic mismatch between
the hydrophobic length of a helical peptide and the hydrophobic
thickness of the lipid bilayer can signiﬁcantly affect the backbone
conformation, membrane-orientation, tilt (the angle between the
helical axis and the bilayer normal), and oligomerization of the
peptide [34–36,55–63]. It could also lead to changes in the phase,
order/disorder, and curvature of lipid bilayers. On the other hand,
interestingly the tilt angle and the backbone conformation of the TM2
peptide determined from lipid bilayers with different hydrophobic
thickness (for example thinner DMPC bilayer vs thicker POPC bilayers)
are similar. Our 31P NMR experiments on MLVs suggested that the
lamellar phase bilayer structure of lipids was not perturbed by the
presence of TM2 even at a high concentration of 7 mol% TM2. These
results suggest that the hydrophobic mismatch does not play a role on
the structural folding of the TM2 peptide, and further indicate that the
hydrophobic mismatch is most likely compensated by the peptide–
peptide interactions. The peptide–peptide interaction was also
revealed using MD simulations.
Based on the solid-state NMR experimental results, we assumed
that all the peptides are in a transmembrane orientation. Therefore, it
is possible in principle to obtain the precise equilibrium oligomeric
structure using long MD simulations of randomly distributed peptides
in a lipid bilayer. However, the time-scales required for such
simulations are prohibitive by current computational standards.
Nevertheless, MD simulations were carried out to provide indirect
information about the preferred oligomeric state of the peptide by
answering questions such as: is the peptide stable as a monomer? If
the oligomers aremore stable, what are the favorable interactions that
stabilize them?Which oligomeric structures generate transmembrane
pores so as to enable ion-channel activity? We have limited our MD
simulations to address these questions and reported results from
different oligomers (monomer, dimer and pentamer) of the GABA-
TM2 peptide in DMPC and POPC:POPG bilayers. Simulations revealed
intermolecular hydrogen bondings that play a role in the stability of an
oligomeric structure and could be on the ion-channel activity of the
peptide. It could be interesting to compare the stability of different
oligomeric structures (such as trimers, tetramers and pentamers),
which is however beyond the scope of the present study. Since the
GABAA protein form pentameric ion-channels, it may not be essential
to understand the structures of oligomers beyond pentamers. It would
be useful to measure intermolecular distances using REDOR solid-
state NMR experiments on ﬂuorinated peptides to determine the
oligomeric structure. We believe that the pentameric structural model
for the peptide developed in this study will be useful in labeling the
peptide for structural studies using solid-state NMR or EPR spectro-
scopy. In addition, a combination of recently developed solid-state
NMR experiments to study the high-resolution structure uniformly-labeled TM2 andMD simulations will provide further insights into the
function of the TM2 peptide [64]. It should be noted that while studies
on the transmembrane fragment of a membrane protein alone cannot
provide complete biophysical and biological insights in to the function
of the protein [44,48], several previous studies have demonstrated the
value of investigating isolated transmembrane helices of membrane
proteins and also the structural and functional correlation between
the peptide fragments and the intact proteins [35,36,59,65–67].
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